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Summary 

Simple  rail  guns  and  rail  guns  with  normally 
conducting  and  superconducting  augmentation  have  been 
analyzed  using  an  energy  approach.  Ideal  launch 
efficiencies,  neglecting  Joule  losses  and  assuming 
constant  rail  current  during  the  launch,  are  shown  to 
be  limited  to  50  percent  for  normally  conducting 
systems,  but  can  approach  100  percent  for  systems  with 
superconducting  augmentation.  Application  of  the 
technology  to  pulse  power  switches,  such  as  the 
Marshall  rail  switch,  is  discussed. 

The  Augmented  Rail  Gun 

Figure  1  shows  schematically  the  augmented  rail 
gun  configuration.  The  box  labeled  energy  source 
contains  all  the  components  of  the  system  required  to 
provide  properly  pulsed  energy  (current)  to  the  slider 
rails  creating  the  magnetic  field  which  transmits  the 
mechanical  energy  to  the  projectile  via  Lorentz 
forces.  The  expression  for  the  Lorentz  force  in  a 
simple  rail  gun  without  augmentation  is* 

1 

fEM  "  "  L'I2  (1) 

where  L'  is  the  inductance  per  unit  length  of  the 
rails  and  I  is  the  current  in  the  rails. 

Augmentation  provides  an  additional  field  which 
enhances  the  energy  transfer  to  a  projectile.  Since 
the  augmentation  field  exists  both  in  front  of  as  well 
as  in  back  of  the  projectile,  it  is  twice  as  effective 
as  the  rail  field  itself.  ^ 

Energy  Analysis  of  Ideal  Rail  Gun  Configurations 

In  this  analysis  we  will  assume  that  the 
geometries  of  the  configurations  are  fixed,  that  is, 
suitable  support  of  the  rails  and  augmentation  coil(s) 
is  provided  in  the  design  to  prevent  mechanical  energy 
conversion  into  deformation  energy  in  both  systems. 
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Fig.  1.  Schematic  layout  of  the  augmented  rail  gun. 
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The  Joule  heating  losses  will  not  be  analyzed 
specifically  since  the  design  of  the  rails  and  the 
normally  conducting  augmentation  coil(s)  strongly 
affect  this  loss. 

Simple  Rail  Gun 

In  this  case  the  energy  source  delivers  a  current 
I  to  the  rails.  Assuming  a  constant  current  I  for  the 
launch,  the  energy  storage  in  the  magnetic  field  Wm  is 

1  L  1 

Wm  =  /  dWm  =  -  I2  /  dL  =  -  I2L  (2) 

2  J0  2 

where  L  is  the  self  inductance  of  the  rail  circuit  at 
the  end  of  the  launch,  i.e.,  when  the  projectile  leaves 
the  rails.  The  assumption  of  constant  current  during 
launch  simplifies  the  arguments  to  be  made  here, 
however,  an  analysis  of  the  system  including  the 
driving  coil  inductance  of  the  source  has  been  made 
elsewhere. 2  This  analysis  shows  that  the  constant 
current  assumption  does  not  significantly  affect  the 
conclusions  reached  in  this  paper. 

The  differential  magnetic  flux  generated  in  this 
system  d<j>  =  I  dL  can  now  be  used  to  calculate  the  work 
done  by  the  energy  source,  Ws,  in  providing  the 
magnetic  field  energy  and  the  mechanical  work  on  the 
projectile.  That  is 

w s  =  /  dWs  =  I  /(d<|>/dt)dt  -  I /  I  dL  *  I2L  (3) 

The  mechanical  work  W^  provided  the  projectile 
(neglecting  frictional,  etc.  losses)  is 

%  =  WS  "  Wm  “  -  I2L  (4) 

2 

It  is  important  to  note  that  the  magnetic  energy 
Wm  stored  in  the  rail  field  at  the  end  of  the  launch  is 
lost  by  dissipation  in  the  muzzle  resistor. 

Rail  Gun  With  Normal  Conducting  Augmentation  Coils 

In  this  case,  the  energy  sources  must  provide  a 
constant  current  in  the  rails,  I,  and  a  constant  cur¬ 
rent  in  the  augmentation  coils,  IA,  during  the  launch. 

The  change  in  energy  stored  in  the  magnetic  fields 
(neglecting  the  magnetic  energy  stored  in  the  self 
inductance  field  of  the  augmentation  coils,  which 
remains  constant  throughout  the  process  and  does  not 
contribute  to  the  launch  energies  in  this  case)  is 

wm  =  /  dWm  =  l-  I2  dL  +  IIA  /”  dM  =  l-  I2L  +  IIAM  (5) 

where  L  and  M  are,  respectively,  the  self  and  the 
mutual  inductance  of  the  circuit  at  the  end  of  the 
launch,  i.e.,  L  =  1L'  and  M  -  JIM' ,  %  is  the  length  of 
the  rails,  and  L'  and  M'  are  the  self  and  mutual 
inductance  per  unit  length. 

Again  the  energy  sources  (rail  and  augmentation 
circuit)  must  provide  both  the  magnetic  field  energy 
and  the  mechanical  energy  to  the  projectile.  Since  the 
differential  magnetic  flux  through  the  rail  circuit  and 
the  augmentation  coils  in  this  case  is 
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d  <J>  —  I  dL  +  I  dM  +  IA  dM 


(6) 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

JUN  1983 

2.  REPORT  TYPE 

N/A 

3.  DATES  COVERED 

4.  TITLE  AND  SUBTITLE 

5a.  CONTRACT  NUMBER 

Application  Of  Superconductivity  To  Pulse  Power  Problems 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

U,S,  Army  Armament  Research  and  Development  Command  Large 
Caliber  Weapon  Systems  Laboratory  Benet  Weapons  Laboratory 
Watervliet,  NY  12189 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

1 1 .  SPONSOR/MONITOR' S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM002371.  2013  IEEE  Pulsed  Power  Conference,  Digest  of  Technical  Papers  1976-2013,  and 
Abstracts  of  the  2013  IEEE  International  Conference  on  Plasma  Science.  Held  in  San  Francisco,  CA  on 

16-21  June  2013.  U.S.  Government  or  Federal  Purpose  Rights  License. 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

SAR 

18.  NUMBER 
OF  PAGES 

4 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


the  work  performed  by  the  energy  sources  can  be  easily 
shown  to  be 

Ws  =  12L  +  2IIAM  (7) 

The  mechanical  work  is  as  before, 

%  “  Wa  -  Wn,  =  -  I2L  +  IIAM  (8) 

As  in  the  case  of  the  simple  rail  gun,  the 
mechanical  work  equals  the  energy  stored  in  the  mag¬ 
netic  field.  The  latter  is  again  dissipated  by  Joule 
heating  after  the  projectile  leaves  the  rails  and  is 
therefore  lost.  The  advantage  of  normal  conducting 
augmentation  coils  appears  to  be  that  a  greater  energy 
can  be  imparted  to  the  projectile  at  the  same  current 
output  from  the  rail  energy  source  at  the  expense  of 
an  increased  total  power  consumption.  Of  course, 

Joule  heating  losses  will  be  greater  in  the  system 
since  magnetic  fields  cannot  be  maintained  without 
losses  in  the  normal  conductors  used  for  augmentation. 


Since  a  superconducting  coil  will  retain  its 
stored  energy  without  loss,  the  self  inductive 
magnetic  energy  may  be  extracted  from  the  energy 
source  before  a  projectile  is  launched.  As  we  will 
show  subsequently,  this  stored  energy  remains  in  the 
coil  after  the  projectile  is  launched,  except  for 
small  losses  due  to  fluxon  motion,  as  long  as  the  coil 
is  maintained  in  the  superconducting  state. 

Initially,  therefore,  a  stored  energy  in  the  self 
inductance  field  of  the  superconducting  coil  exists 
equal  to  (l/2)Iso2l,s ,  where  Iso  is  the  superconducting 
current  and  Ls  is  the  self  inductance  of  the 
superconducting  coil. 

As  the  projectile  is  launched  by  a  constant 
current  through  the  rails,  I,  the  change  in  magnetic 
field  energy  is 

dWm  =  l-  I2  dL  +  IX8  dM  +  IM  dls  +  LSIS  dls  (9) 

where  we  note  the  current  in  the  superconducting  coil 
Is  varies  as  a  function  of  X,  Ls ,  and  M,  with  M  =  M'x 
where  x  is  the  displacement  along  the  rail. 

To  evaluate  this  variation  in  supercurrent,  we 
invoke  the  unique  superconducting  property  of  zero 
resistance.  That  is,  using  Faraday's  law,  there  can 
be  no  Induced  emf  in  a  superconducting  coil. 

4'  _E  *  d_l  =  -  d<)>  /dt  =  0  (superconducting  coil)  (10) 

The  flux  threading  the  superconducting  coil  is 
constant  and  in  differential  form  is 

d<f>  =  Ls  dls  +  I  dM  =  0  (11) 

assuming  a  constant  current  from  the  energy  source 
during  launch  and  constant  self  inductance  Ls  of  the 
superconducting  coil. 

Substituting  Eq.  (11)  in  Eq.  (9)  and  integrating, 
we  obtain  for  the  energy  of  the  magnetic  field  W™ 
(omitting  the  constant  of  integration  (l/2)LsIso2  here 
and  in  the  work  required  by  the  energy  source  since  it 
is  recovered) . 

wm  =  l-  I2  /q  dL  -  (I2  M  dM)/Ls  = 


The  first  term  of  Eq.  (12)  is  identical  to  Eq.  (2)  and 
represents  the  magnetic  energy  stored  in  the  field  of  a 
simple  rail  gun  (SRG).  The  second  term  corresponds  to 
a  decrease  in  the  magnetic  energy  of  the  superconduct¬ 
ing  coil . 

The  differential  work  required  of  the  energy 
source  dWs  using  Eq.  (11)  is 

dWs  -  I2  dL  +  ISI  dM  -  MX2  dM/Ls  (13) 

In  order  to  integrate  Eq.  (13),  we  obtain  an  expression 
for  the  superconducting  current,  Is,  as  a  function  of 
I,  Ls,  and  M  by  integrating  Eq.  (11)  for  constant 
current  I,  viz. 

Is  (M)  =  Iso  “  IM/LS  (14) 

Here  Iso  is  the  initial  superconducting  current  and  M 
the  mutual  inductance  during  the  launch,  i.e.,  M  =  M'x 
where  x  is  the  displacement  along  the  rail.  Using  Eqs. 

(11)  and  (14)  with  Eq.  (13),  we  obtain  at  the  end  of 
the  launch  (M  =  M' £)  for  the  energy  required  from  the 
energy  source , 

Ws  =  hi2  +  MHso  -  M2 12 /Ls  (15) 

The  mechanical  work  imparted  to  the  projectile 
is 

Wm  =  Wg  -  Wm  =  ^  LI2  +  MIIS0  -  l-  M2 12  /Ls  (16) 

This  calculation  has  been  carried  out  to  the  point 
at  which  the  projectile  leaves  the  rails,  but  it  is 
important  to  note  that  the  superconducting  coil  will 
recover  energy  from  the  magnetic  field  of  the  SRG  to 
return  to  its  prelaunch  condition.  For  that  reason  we 
have  not  included  the  constant  term  (1/2)LSIS02  in  Eqs. 

(12)  and  (15).  The  recovered  energy  ER  is  just  the 
second  term  in  Eq.  (12),  neglecting  fluxon  motion 
losses ,  i.e. , 

1  o  „ 

ER  =  -  M2I2/LS  (17) 

Thus  the  energy  lost  in  the  muzzle  resistor  is 
substantially  reduced.  An  evaluation  of  this  energy 
saving  will  be  made  in  a  later  section. 

The  superconducting  augmented  rail  gun  system,  in 
addition  to  providing  significant  advantages  in  launch 
efficiencies  which  will  be  discussed  in  the  next 
section,  provides  the  benefits  of  charging  before 
launching ,  retention  of  its  stored  energy  between 
launches,  and  lessening  the  severity  of  field  collapse 
after  launch  by  recovery  of  a  portion  of  the  collapsing 
magnetic  field  energy  of  the  rails. 

Comparison  of  Various  Ideal  Rail  Gun  Configurations 

For  this  comparison,  we  will  assume  that  the 
currents  in  the  augmentation  coil  and  the  rail  current 
are  equal. 

I  =  IA  (normal  augmentation)  ( I8a) 

I  =  Iso  (superconducting  augmentation)  (18b) 
Furthermore,  we  will  use  the  expression, 

M  =  k(LLA)l/2  ,  (k  5  1)  (19a) 

M  =  k(LLg) I/2  ,  (k  <  1)  (19b) 


1  1  where  k  is  the  coefficient  of  magnetic  coupling,  in 

-  I2L  -  -  M2I2/LS  (12)  evaluating  the  systems. 
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Simple  Rail  Gun 


»  L  ~  M 


(27) 


The  source  must  provide  (Eqs.  (2)  through  (4)) 

Ws  =  wm  +  WM  =  i  I2L  +  i  I2L  =  I2L  (20) 

Whereas  the  energy  lost  in  the  resistor  is  the  total 
magnetic  energy 

Wm  =  i  I2L  (21) 

Thus,  the  launch  efficiency,  defined  as  the  ratio  of 
the  mechanical  work  to  the  source  work,  of  the  ideal 
SRG  is  50  percent.  Actual  efficiencies  will  be 
somewhat'  less  due  to  resistive  heating  (Joule)  of  the 
rails. 

Rail  Gun  With  Normal  Conducting  Augmentation 


The  sources  must  provide,  using  Eqs.  (7),  (18a), 
and  (19a) 

Ws  =  I2L(1  +  2k/LA/L)  (22) 

and  the  mechanical  energy  is  from  Eq.  (8) 

WM  =  i  I2L(1  +  2k/LA7L)  (23) 

An  equal  amount  of  energy  is  stored  in  the  magnetic 
field  and  lost  at  the  end  of  the  launch. 

Thus,  the  launch  efficiency  of  the  ideal  rail  gun 
with  normal  conducting  augmentation  is  also  50 
percent.  Joule  losses  in  the  rail  circuit  are  reduced 
as  compared  to  the  SRG  because  the  same  launch  energy 
can  be  achieved  with  lower  currents.  However,  this 
gain  is  offset  by  Joule  heating  losses  in  the 
augmentation  coils.  Furthermore,  in  a  non-ideal 
system  the  magnetic  field  energy  (l/2)LAIA2  stored  in 
the  augmentation  coil  will  be  lost  after  each  launch 
and  must  be  resupplied  from  the  power  source  for  the 
next  launch. 

Rail  Gun  With  Superconducting  Augmentation  Coils 

The  source  provides  (during  each  launch  and  after 
charging  the  superconducting  coil  with  (1/2)LSIS02 
self  inductance  energy  which  is  recovered)  from  Eqs. 
(15),  (18b),  and  (19b) 

Ws  =  LI2(1  -  k2  +  k/Ls/L)  (24) 

The  mechanical  energy  is  using  Eqs.  (16),  (18b),  and 
(19b) 

WM  =  l-  LI2(1  -  k2  +  2k/L^7h)  (25) 

And  the  magnetic  field  energy  lost  at  the  end  of 
launch  is  (Eqs.  (12)  and  (19b)) 

wm  =  -  LI2(1  -  k2)  (26) 

Assuming  for  purposes  of  discussion  that  k  =  0.5 
and  La  =  L,  the  launch  efficiency  of  the  ideal  rail 
gun  with  superconducting  augmentation  coils  becomes  70 
percent.  It  should  be  noted  that  the  values  assumed 
for  k  and  Ls  above  represent  conservative  estimates  of 
what  can  be  achieved  in  practice. 


where  Ls  is  now  the  total  inductance  of  the 
augmentation  circuit,  coil  plus  ballast,  and  L  and  M 
are  defined  as  before.  This  situation  differs  from  the 
previous  case  in  that  there  is  weak  total  flux  linkage 
between  the  rail  and  the  augmentation  circuit.  Using 
Eq.  (19b)  and  neglecting  terms  of  the  order  M/Ls* ,  Eqs. 
(24)  through  (26)  are  replaced,  respectively,  by 


Ws  =  LI2(1  +  M/L)  (28) 

WM  =  -  LI2(1  +  2M/L)  (29) 

2 


Wm  =  -  LI2  (30) 

2 

Assuming  M  =  L,  a  condition  which  should  be  realizable 
without  much  difficulty  with  a  pair  of  augmentation 
coils,  the  launch  efficiency  of  the  ideal  rail  gun  with 
weakly  flux  linked  superconducting  augmentation  is  75 
percent.  As  can  be  seen  by  comparison  with  the  above 
calculation,  the  launch  efficiencies  of  the  two 
superconducting  designs  are  comparable. 


However,  in  the  first  approach  the  acceleration  of 
the  projectile  is  largest  at  the  beginning  of  the 
launch,  the  second  approach  provides  for  constant 
acceleration  (for  constant  rail  current)  along  the 
entire  length  of  the  rail ,  but  at  the  expense  of 
needing  an  additional  coil.  It  would  be  interesting  to 
explore  the  possible  effects  of  linking  this  coil  to 
the  flux  of  the  energy  storage  coil. 


In  selecting  a  final  design  for  a  superconducting 
augmentation  system,  the  effects  of  "training”3  of  the 
superconducting  coil(s)  in  the  time  dependent  rail 
field  will  have  to  be  carefully  evaluated.  In  this 
preliminary  study  we  have  not  considered  the  effects  of 
training  although  available  technology  in  design  and 
materials  will  allow  the  virtual  elimination  of 
deleterious  training.3 


In  selecting  materials  which  minimize  training 
effects,  the  commercially  available  Nb3Sn  super¬ 
conductors  show  virtually  no  training  effects.3 
However,  Nb3Sn  is  extremely  brittle  and  may  require 
substantial  support  structures  to  withstand  the  effects 
of  high  g  loading  in  an  augmented  rail  gun  system.  We 
note  that  the  new  PdxCu]_xH  technology  developed 
jointly  at  Benet  Weapons  Laboratory  and  the  State 
University  of  New  York  at  Albany  may  be  useful  in  rail 
gun  technology.^  The  superconducting  transition 
temperatures  and  critical  current  characteristics  of 
the  new  PdxCu l-xH  superconductors  are  comparable  with 
Nb3Sn.  In  addition,  the  new  materials  are  ductile. 

Variable  Current  Launchers 


In  practice,  actual  launch  systems  operate  under 
conditions  of  variable  currents,  although  to  maximize 
launch  velocities  for  a  given  rail  length,  designers 
would  opt  to  keep  the  rail  current  as  high  and  as 
constant  as  possible  during  the  launch. 

We  have  analyzed  the  case  for  variable  currents  in 
a  simple  rail  gun  and  a  superconducting  augmented  rail 
gun  elsewhere,2  but  report  here  the  salient  results. 

Simple  Rail  Gun 


An  alternate  design  vrould  be  to  place  a 
comparatively  large  superconducting  inductance  in 
series  with  the  augmentation  coil  in  a  configuration 
such  that  this  "ballast"  inductor  does  not  see  the 
strong  magnetic  field  of  the  rails.  In  this  case  we 
have  the  condition 


The  system  configuration  analyzed  includes  a 
charged  inductor  coil ,  normally  contained  in  the 
energy  source  for  pulse  shaping  purposes,  feeding  the 
rails.  Rail  and  inductor  resistances  are  neglected. 
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In  this  analysis,  the  current  I  varies  and  we 
introduce  the  driving  coil  inductance  Lq  in  series 
with  the  rail  inductance  L. 

The  total  magnetic  energy  of  the  coil-rail  system 
as  a  function  of  projectile  position  is  found  to  be 
1  1 

wmT  =  -  LqI  +  -  xL'I2  (31) 

2  2 

where  x  is  the  displacement  of  the  slider  along  the 
rails,  L'  is  the  rail  inductance  per  unit  length  and 
the  current  I  is  given  by 


1  +  x(L'/L0) 

where  I0  is  the  initial  current  at  the  beginning  of 
the  launch.  Since  we  are  dealing  with  a  conservative 
system,  the  force  on  the  projectile  may  be  obtained  by 
taking  the  negative  derivative  of  Eq.  (31)  with 
respect  to  x.  The  resulting  force  on  the  projectile 
agrees  with  the  force  determined  from  the  derivative 
of  the  kinetic  energy  with  respect  to  x  from  Eq.  (4) 
even  though  Eq.  (4)  was  derived  for  the  condition  of 
constant  current  in  the  rails. 

Superconducting  Augmented  Rail  Gun 

Including  superconducting  augmentation  in  the 
system,  one  obtains  for  the  force  on  the  projectile 
using  the  same  symbols  as  defined  previously 

dwmT  1  .  M'2 

F  - - =  -  l'I2  +  IIsoM'  -  xl2 -  (33) 

dx  2  Ls 

Again  Eq.  (33),  which  was  obtained  by  the 
negative  derivative  of  the  total  magnetic  energy,  is 
identical  to  the  result  one  obtains  by  taking  the 
derivative  of  the  kinetic  energy  in  Eq.  (16)  with 
respect  to  x. 

The  forces  derived  from  the  expressions  assuming 
constant  current  agree  with  those  derived  for  variable 
currents,  provided  the  instantaneous  currents  are 
used  in  the  latter  expressions. 

The  energy  expressions  derived  assuming  constant 
currents  represent  integrals  over  the  force,  thus  they 
must  be  modified  where  the  situation  of  variable 
currents  pertains.  However,  it  is  worth  noting  that 
the  conclusions  drawn  regarding  efficiencies  in  the 
case  of  constant  currents  remain  relatively 
unaffected  by  current  variability. 

Application  of  Superconducting  Augmentation  to 
Switches 

The  rail  switch  is  used  extensively  in  pulse 
power  applications  to  transfer  energy  from  the  source 
to  the  pulsed  device. 

The  arc  currents  experienced  in  their  use  result 
from  two  causes,  viz.  the  voltage  applied  to  the 
switch  from  the  power  source  and  from  the  collapse  of 
the  rail  switch’s  magnetic  field.  The  latter  cause 
is  more  important  in  a  properly  designed  rail  switch. 

We  have  shown  that  the  magnetic  energy  lost  in 
such  a  switch  is  equal  to  the  kinetic  energy  of  the 
switch  slider  at  opening.  Since  the  kinetic  energy  of 
the  slider  should  be  minimized  in  a  properly  designed 
switch  by  reducing  its  mass  while  adjusting  its 
velocity  to  prevent  the  establishment  of  a  long  lived 
rail  arc,  the  actual  energy  savings  by  themselves  may 
not  warrant  adding  superconducting  augmentation. 


The  main  utility  of  a  rail  switch  with  super¬ 
conducting  augmentation  is  in  arc  suppression  which  is 
accomplished  by  the  minimization  of  the  magnetic  energy 
stored  in  the  switch's  rail  field.  Reduction  of  the 
principal  cause  of  arcing  should  allow  lower  opening 
velocities  to  be  used. 

It  would  be  interesting  to  consider  the  applica¬ 
tion  of  this  technology  to  a  rotary  switch  designed  for 
multiple  cycling  in  a  pulse  power  system  or  to  other 
configurations  in  which  superconducting  coils  could  act 
as  a  "sponge"  to  avoid  deleterious  flux  collapse  in 
pulse  power  applications. 

Design  of  a  Demonstrator  Superconducting  System 

In  order  to  evaluate  other  technical  factors  in 
addition  to  the  substantial  enhancement  of  performance 
described  above,  a  design  of  a  small  superconducting 
augmented  demonstrator  was  considered. 

A  simple  rail  gun  of  1  m  in  length  can  accelerate 
a  10  g  projectile  to  about  103  m/sec  with  a  rail 
current  of  about  1.2  x  105  A.  The  efficiency  of  such  a 
system  including  Joule  losses  was  estimated  to  be  about 
30  percent. 

The  rail  bursting  force  was  calculated  to  be 
approximately  6  x  104  nt/m.  Adding  a  pair  of  super¬ 
conducting  augmentation  coils,  each  carrying  5.5  x  103 
amperes  with  20  turns,  placed  symmetrically  above  and 
below  the  rails  yielded  k  =  0.735  and  increased  the 
system  efficiency  to  over  80  percent.  Thus  for  the 
same  rail  current,  we  obtained  an  augmented  projectile 
velocity  of  about  1.6  x  103  m/sec.  This  configuration 
of  coils  should  not  subject  the  coils  to  magnetic 
fields  due  to  rail  currents  which  exceed  the  critical 
fields  of  commercially  available  superconducting 
materials,  such  as  NbTi. 

An  examination  of  the  stresses  involved  in  such  an 
augmented  system  showed  that  the  coil  bursting  force 
was  approximately  equal  to  the  rail  bursting  force 
calculated  above.  The  attractive  forces  between  the 
rail  and  the  two  symmetrically  placed  superconducting 
coils  balance.  This  analysis  indicated  that  a 
lightweight  support  structure  could  be  utilized  in  the 
augmentation  system.  A  preliminary  design, 
incorporating  this  support  into  the  Dewar  system,  led 
to  an  estimate  of  cryogenic  requirements  well  within 
the  capacity  of  the  relatively  small  LHe  refrigerator 
available  in  our  laboratory. 

Thus  this  relatively  crude  evaluation  of  an  actual 
system  suggests  that  the  substantial  performance 
enhancements  predicted  by  our  analysis  of  superconduct¬ 
ing  augmentation  can  be  achieved  in  an  actual  design. 
Experimental  studies  are  planned  to  evaluate  the  feasi¬ 
bility  and  to  technical  factors  of  such  a  design. 
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